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SUMMARY 


In  tlilB  ^  review,  is  wade  of  the  simulation  facilities  commonly 

used  in  the  United  States.  An  attempt  is  made  to  classify  these  facili¬ 
ties  and  to  understand  how  and  why  they  are  needed  and  came  into  being, 
and  how  they  are  used.  An  indication  of  the  use  of  flight  control  sys¬ 
tem  simulators  in  the  design  of  a  vehicle  in  the  United  States  is  given. 
Some  thoughts  on  the  philosophy  of  use  of  simulation  are  offered  and 
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SIMULATION  IN  MODERN 
AERO-SPACE  VEHICLE  DESIGN 

Charles  B.  Westbrook* 


1.  INTRODUCTION 

In  the  design  of  modern  aero-space  vehicles  the  use  of  simulators  has  become  more 
and  more  widespread.  In  this  paper  a  review  is  made  of  the  simulation  facilities  com¬ 
monly  used  in  the  aircraft  research  and  development  process  in  the  United  States.  An 
attempt  is  made  to  classify  these  facilities  and  to  understand  how  and  why  they  are 
needed  and  came  into  being,  and  how  they  are  used.  It  is  hoped  that  this  collection 
of  information,  the  codifications  and  conclusions  may  be  of  some  benefit  to  those  who 
use  and  are  planning  to  use  simulation  facilities. 

Before  proceeding  further,  it  is  necessary  to  clarify  what  is  meant  by  the  word 
simulator.  As  commonly  used  by  various  individuals  of  differing  interests,  it  has  a 
rather  widely  varying  definition.  For  the  purpose  of  this  Report,  simulators  are 
initially  considered,  in  the  broadest  sense,  as  facilities  which  will  allow  an  analog 
representation  of  a  particular  control  element,  combination  of  control  elements  or  the 
complete  flight  control-airframe-pilot  system.  This  would  include  simulators  to  obtain 
data  on  control  hardware,  the  human  pilot  and  his  display,  the  airframe  with  elasticity, 
and  the  complete  system.  Classification  of  simulators  in  various  ways  is  performed 
and  existing  facilities  described.  Consideration  of  the  wide  spectrum  of  simulators 
under  this  broad  definition  is  useful  in  giving  a  perspective  view  of  the  subject. 

Attention  is  then  particularly  directed  at  simulators  used  in  th'e  various  phases  of 
development  of  a  typical  vehicle.  These  phases  include  the  preliminary  design  phase, 
the  detailed  design  and  development  phase,  and  the  experimental  flight  test  phase. 

Finally  some  thoughts  on  the  philosophy  of  use  of  simulators  are  given  and  a  summary 
and  conclusions  presented. 


2.  CATEGORIZATION  AND  DESCRIPTION  OF  SIMULATORS 

There  are  numerous  ways  in  which  simulators  can  be  classified  or  grouped.  Four 
ways  will  be  discussed  briefly.  First  there  is  the  hazy  concept  of  computation  as 
differentiated  from  simulation.  Next  is  the  grouping  by  type  of  facility.  A  third 
way  of  looking  at  simulators  is  by  the  phase  of  research  and  development  in  which  they 
are  commonly  used.  This  Report  is  primarily  concerned  with  simulators  for  use  in 
design  and  development;  however,  it  will  be  observed  that  this  division  does  not  occur 
very  neatly.  Finally,  simulators  will  be  considered  relative  to  the  element  or  ele¬ 
ments  of  the  flight  control  system  on  which  they  are  intended  to  obtain  information. 

First,  let  us  look  for  a  moment  at  the  area  of  simulators  versus  computation.  In 
1935,  Mueller  at  Massachusetts  Institute  of  Technology  devised  an  electrical  device 
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for  solving  the  longitudinal  stability  equations.  In  Reference  1.3,  in  addition  to 
reporting  the  result  of  his  work,  he  predicts  the  possibilities  of  extending  his  de¬ 
vice  to  real  time  and  even  to  the  use  of  hand  controls  and  perhaps  investigation  of 
pilot  training,  During  World  War  11  and  the  years  immediately  following,  rapid  pro¬ 
gress  was  made  in  development  and  application  of  differential  analyzers.  By  1-948, 
electronic  analog  computers  of  significance  were  beginning  to  become  available.  The 
availability  of  these  computers  made  possible  the  development  of  flight  control  system 
simulators  as  we  know  them  today.  All  major  aircraft  companies  in  the  United  States 
have  large  general  purpose  analog  computer  facilities  ranging  in  size  from  200  to  600 
operational  amplifiers.  While  being  simulators  themselves,  in  a  sense,  these  analog 
computers  are  used  both  for  general  computation  purposes  and  for  connection  with  a 
cockpit  and/or  equipment  to  form  a  simulator. 

While  not  a  simulator  by  any  stretch  of  the  word,  the  digital  computer  is  making 
spectacular  progress  and  has  made  improvement  possible  in  scientific  and  engineering 
computations.  Appendix  V  lists  the  large  digital  computers  currently  in  use  in  the 
United  States  aircraft  industry.  Rental  on  the  704  is  about  $12,000  per  month  while 
the  7090  rental  is  $43,000  per  month.  Utilization  has  to  be  very  high  to  justify 
these  expenditures.  Reference  1.48  summarizes  present  status  of  use  of  these  compu¬ 
ters  in  the  aero-space  industry  of  the  United  States.  One  advanced  operational  flight 
simulator  already  uses  a  digital  computer.  It  may  well  be  that  the  availability  of 
these  powerful  tools  may  make  possible  drastic  improvements  in  simulation  as  they  have 
done  already  in  computation. 

For  the  purpose  of  this  Report  analog  computers  will  not  be  considered  to  be  simu¬ 
lators  and  will  not  be  discussed  further. 

There  are  a  multitude  of  different  types  of  facilities,  all  called  simulators. 

This  fact  is  easily  appreciated  by  glancing  through  Appendices  I,  II,  III  and  IV  of 
this  Report.  One  distinctive  class  is  that  covered  by  the  name  Environmental  Simulator, 
a  typical  example  of  which  is  shown  in  Figure  1.  Appendix  III  lists  some  of  the  major 
environmental  chambers  and  other  environmental  facilities  available  in  the  aero-space 
industry  of  the  United  States.  The  smaller  facilities  which  are  so  common  in  industry 
and  so  useful  in  component  development  are  not  listed.  Also  not  listed  are  certain 
specialized  facilities  such  as  nuclear  reactors,  vibration  and  fatigue  facilities,  etc. 
(See  Reference  3.23  for  a  much  more  detailed  listing  of  U.S.  government  facilities). 

Environmental  simulators  are  very  valuable  in  performing  research  on  the  particular 
effect  or  effects  that  can  be  duplicated  and  in  determining  the  suitability  of  equip¬ 
ment  forced  to  operate  in  these  environments.  Hieir  use,  size,  complexity  and  cost 
have  grown  rapidly  in  recent  years  as  new  and  unfriendly  environments  are  being  ex¬ 
plored.  Combinations  of  environmental  simulators  with  flight  control  type  simulators 
are  available  now  to  a  limited  degree  and  no  doubt  these  combinations  will  increase. 
Although  included  for  the  sake  of  completeness,  no  further  discussion  of  this  category 
of  simulation  will  be  made. 

The  phase  of  research  and  development  of  aero-space  vehicles  with  which  one  is  con¬ 
cerned  influences  considerably  the  choice  and  use  of  simulators.  These  phases  can  be 
listed  as  (1)  research,  (2)  preliminary  design,  (3)  development,  (4)  flight  test  and 
(5)  training  and  operational  use.  First  is  the  research  phase  in  which  knowledge  is 
gathered  on  various  subjects  of  interest.  Upon  initiation  of  a  program  to  design  and 
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build  a  vehicle  the  preliminary  design  phase  is  encountered  followed  by  detailed  deve¬ 
lopment  of  the  vehicle  and  all  of  its  components.  The  flight  testing  phase  has  its 
special  needs  for  simulation.  Finally  the  phase  is  reached  where  the' vehicles  are  in 
production  and  use  and  the  operational  commands  are  faced  with  training  and  with  main¬ 
taining  the  proficiency  of  their  crews. 

Those  using  research  and  development  simulators  can  thank  the  training  simulator 
people  for  providing  the  motivation  for  and  the  development  of  many  of  the  techniques 
and  equipments  necessary  for  what  is  used.  Much  of  the  past  and  present  literature  on 
simulation  relates  to  this  area.  During  the  early  years.  World  War  II  and  somewhat 
before,  various  techniques  and  devices  called  trainers  were  developed  to  meet  the  vast 
training  problems.  Hundreds  of  millions  of  dollars  were  spent  on  trainers  during 
World  War  II  in  the  United  States  alone.  Expert  opinion  is  that  this  expenditure 
saved  much  over  actual  flight;  in  fact,  training  in  flight  would  probably  have  been 
impossible.  With  the  availability  of  analog  computers  in  the  late  forties,  modern 
training  simulators  became  a  possibility.  Another  factor  was  the  development  and 
availability  of  improved  concepts  and  knowledge  about  servo  systems  and  components 
developed  in  World  War  II,  especially  in  Germany.  Shown  in  Figure  2  is  a  modem 
operational  training  simulator.  This  is  a  large  expensive  device  carefully  designed 
to  simulate  as  nearly  as  possible  the  actual  cockpit  environment  and  the  characteris¬ 
tics  of  the  production  vehicle.  As  a  matter  of  fact,  however,  numerous  analyses  have 
shown  that  these  trainers  can  quickly  save  far  more  than  they  cost  in  reducing  expen¬ 
sive  flight  time  needed  to  maintain  pilot  proficiency,  particularly  in  such  areas  as 
instrument  flight  and  simulated  emergencies. 

There  is  no  sharp  line  between  the  first  four  phases  in  the  kind  of  simulators  used. 
The  operational  trainer,  because  of  the  special  needs  and  the  special  economic  factors 
involved,  has  been  essentially  a  clearly  separated  category.  In  view  of  the  very 
limited  production  of  future  vehicles  and  their  highly  specialized  and  complicated 
nature,  this  sharp  line  of  demarcation  may  not  remain.  However,  no  further  discussion 
of  this  category  will  be  made  in  this  Report. 

Simulators  group  themselves,  to  a  degree,  according  to  the  element  or  elements  of 
the-f-H-ght- control  system  about  which  they  are  to  provide  information.  To  illustrate 
my  definition  of  the  flight  control  system,  consider  Figure  3.  This  block  diagram  has 
a  block  representing  the  human  pilot,  a  block  representing  the  control  equipment  needed 
inside  the  vehicle,  and  a  block  representing  the  dynamic  characteristics  of  the  air¬ 
frame.  Simulators  as  used  with  respect  to  each  of  these  system  elements  will  be  dis¬ 
cussed. 

Finally  and  most  important  of  all  to  the  system  engineer,  simulators  to  examine 
and  evaluate  the  total  flight  control  system  consisting  of  all  these  elements  will  be 
discussed. 

In  the  case  of  the  manned  vehicle  all  of  the  blocks  are  involved  for  many  modes  of 
flight.  In  the  case  of  the  missile  or  certain  modes  of  the  piloted  vehicle  only  the 
control  equipment  and  airframe  blocks  are  involved. 

In  the  design  and  development  of  control  components  such  as  sensors,  gyros,  instru¬ 
ments,  motors,  servos,  etc.,  extensive  use  is  made  of  environmental  simulators  or 
facilities  which  have  been  previously  discussed. 
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Assemblies  of  the  various  components  of,  for  example,  the  hydraulic  or  electrical 
systems  are  often  made.  In  some  cases  these  assemblies  and  the  tests  performed  tend 
to  become  complex  and  to  verge  on  what  could  be  called  simulation.  In  general,  how¬ 
ever,  the  inclination  is  to  call  these  bench  or  laboratory  tests  unless  combined  with 
the  airframe  dynamics  and  other  components. 


And  now  for  a  few  words  on  the  block  representing  the  human  pilot.  A  great  variety 
of  simulators  have  been  and  are  being  used  to  determine  man’ f  tolerance  to  one  or  more 
of  the  environmental  conditions  that  he  may  encounter.  A  number  of  these  facilities 
are  listed  in  Appendix  III;  many  are  not.  There  are  centrifuges  and  various  other 
devices  to  subject  men  to  accelerations,  air  bearing  platforms  and  water  tanks  to 
attempt  to  simulate  zero  g,  and  airplanes  to  demonstrate  actual  zero  g.  Chambers 
exist  to  subject  men  to  intolerable  noise  and  other  chambers  to  impose  absolute  quiet. 
Men  have  been  exposed  to  extreme  cold,  and  in  other  tests  roasted  to  high  temperatures. 
Confinement  capsules  resembling  cockpits  and  space  cabins  are  being  utilized.  Simu¬ 
lators  have  been  and  are  being  used  to  determine  the  dynamic  characteristics  of  the 
human  pilot  as  a. servo  element,  as  in  References  6.1  through  6.23.  These  simulators 
are  of  the  simple  fixed-base  type  and  will  be  discussed  a  little  later  when  consider¬ 
ing  simulators  to  examine  the  complete  flight  control  system. 

With  the  broad  definition  of  simulators  that  has  been  stated  many  of  the  devices 
that  aerodynamic ists  use  to  perform  their  art  are  included.  Art  is  still  a  better 
word  for  the  practice  of  aerodynamics  than  science,  it  is  believed.  In  fact,  some¬ 
what  ruefully,  it  will  have  to  be  admitted  that  aerodynamicists  are  past  masters  at 
attempting  to  obtain  answers  by  simulation  rather  than  by  a  thorough  understanding 
and  use  of  the  physical  laws. 


With  wind  tunnels  of  all  kinds  very  beautiful  and  expensive  tools  are  available  to 
simulate  to  one  extent  or  another  the  actual  situation.  Figure  4  illustrates  this 
point  clearly,  showing  the  vast  extent  of  the  von  Karman  Gas  Dynamics  Facility  at  the 
Air  Force  Arnold  Engineering  Development  Center  at  Tullahoma,  Tennessee.  The  wide 
diversity  and  quantity  of  the  wind  tunnel  facilities  in  the  United  States  is  summarized 
in  Reference  1.49. 


In  the  field  of  structural  elasticity  too,  simulators  are  utilized.  Reference  1.46 
discusses  a  passive  analog  simulator  of  the  structural  and  aeroelastic  properties  of 
vehicles  which  is  currently  being  used  in  research  and  development  by  a  number  of 
groups,  the  distinction  between  calling  this  a  simulator  instead  of  an  analog  com¬ 
puter  is  a  fine  one. 

Work  is  now  under  way  under  the  combined  sponsorship  of  the  Flight  Control  and 
Flight  Dynamics  Laboratories  to  determine  whether  the  wind  tunnel  together  with  appro¬ 
priately  designed  flexible  models  can  be  used  to  obtain  aeroelastic  corrections  to 
stability  and  control  and  structural  loads.  This  is  a  much  more  involved  simulation 
than  normal  static,  rigid  wind  tunnel  tests,  or  dynamic,  rigid  tests,  or  the  flutter 
tests  now  run  so  commonly. 

Another  simulation  tool  that  has  specialized  uses  is  the  rocket  track.  Several  of 
these  rocket  tracks  are  available  and  used  in  the  United  States,  the  longest  being 
the  30,000  ft  track  at  Holloman  Air  Force  Base  (see  Appendix  III). 
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To  a  great  extent,  the  discussion  to  this  point  has  been  in  the  nature  of  giving 
perspective  to  the  subject  of  simulation.  This  is  important,  it  is  believed,  in  under¬ 
standing  each  other,  understanding  how  the  trend  to  simulation  came  about,  and  making 
determinations  of  future  trends.  At  this  point,  simulators  of  the  complete  flight 
control  system  will  be  discussed.  These,  no  doubt,  are  what  many  first  think  of  when 
simulation  is  mentioned. 

A  bewildering  .variety  of  simulators  are  being  used  to  analyze  the  flight  control 
system  as  a  whole.  Figure  5  is  an  attempt  to  break  these  facilities  down  in  some  logi¬ 
cal  grouping.  The  first  natural  grouping  is  between  ground-based  simulators  and 
flight  simulators. 

About  fifteen  years  ago,  as  a  result  of  the  newly  developed  knowledge  and  ability 
in  artificial  stability  and  computation,  an  idea  was  born  of  a  flight  research  facility 
which  is  called  the  variable-stability  airplane.  The  latest  versions  do  much  more  than 
vary  the  stability.  In  Appendix  I  of  this  paper  are  listed  all  of  the  variable-stabi¬ 
lity  aircraft  of  which  the  author  has  knowledge,  in  more  or  less  chronological  order. 

The  development  of  the  concept  and  the  increasing  complexity  and  also  capability  of 
these  aircraft  can  be  followed  by  reading  through  this  listing  and  the  descriptions. 

The  listing  starts  with  the  Cornell-Navy  F4U-5  and  reaches  its  high  point  with  the 

present  NASA-Ames  F-100  and  the  Cornell-WADD  T-33.  The  Air  Force-Cornell  T-33  has  the 

features  of  variable  stability,  control,  feel,  and  display  and  it  will  soon  have  the 
capability  of  varying  the  L/D  ratio  to  simulate  more  advanced  designs.  It  has  the 
capability  of  varying  stability  and  control  characteristics  with  time  such  as  occurs 
in  a  re-entry.  It  does  not  as  yet  have  the  ability  to  vary  CLa  without  varying  other 

derivatives.  This  would  be  a  desirable  addition.  The  T-33  can  also  be  used  as  a  fixed- 

base  ground  simulator  by  connecting  it  to  an  analog  computer  in  its  hangar. 

In  the  area  of  V/STOL  variable  stability  aircraft,  NASA  at  Ames  has  made  a  limited 
variable-stability  installation  in  an  X-14  aircraft  and  an  installation  for  a  YHC-1A 
helicopter  is  being  made  for  NASA  at  Langley.  There  is  certainly  much  important  hand¬ 
ling-qualities  research  that  could  be  done  by  a  suitable  installation  in  a  VTOL  aircraft 
with  an  adequate  payload  capacity. 

Being  such  a  realistic  simulator  when  properly  done,  the  variable-stability  aircraft 
is  a  most  valuable  research  tool.  It  is  also  valuable  in  evaluation  of  preliminary 
design  concepts  and  in  training  and  indoctrinating  flight  test  pilots.  The  concept  has 
been  proposed  for  use  in  operational  trainers.  Enthusiasts  have  even  proposed  a  uni¬ 
versal  trainer  using  variable-stability  ideas.  Such  thinking  does  not  recognize  the 
practical  limitations  and  difficulties  that  exist.  There  may  be  certain  possibilities 
in  this  idea  for  the  future,  however. 

Experience  has  shown  that,  in  common  with  most  flight  tests,  use  of  these  airplanes 
for  research  and  development  is  expensive  and  time  consuming  for  each  data  point 
obtained.  In  the  opinion  of  the  author  the  most  suitable  usage  of  these  airplanes  is 
to  make  final  checks  and  correlations  of  data  points  that  have  been  explored  as  well 
as  possible  in  ground  simulators.  (See  Appendix  VI  for  extensive  references  to  vari¬ 
able  stability  aircraft). 

Figure  5  divides  the  ground-based  simulators  into  groups  according  to  the  motions 
that  can  be  imparted  to  the  pilot:  no  motion,  rotations,  translations,  and  combinations 
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of  rotation  and  translation.  In  Appendix  II  are  listed  various  flight  control  system 
simulators  that  are  available.  This  listing  is  certainly  not  complete.  The  class  of 
simple  cockpit-analog  computer  simulator  that  is  so  common  in  the  industry  and  the 
various  research  organizations  has  been  excluded. 


The  majority  of  the  fixed-base  simulators,  and  the  motion  simulators  as  well,  use 
instrument  displays;  these  range  from  simple  scope  or  dial  instrument  type  displays  to 
elaborate  display  simulators  such  as  the  WADD-F-102  simulator  modified  for  general 
purpose  display  research.  External  display  simulators  are  becoming  more  common, 
usually  for  approach  and  landing  studies,  VTOL  investigations,  and  in  a  few  cases  to 
simulate  space  environment. 

The  complete  mission  of  an  orbital  vehicle  has  been  simulated  by  Chance  Vought. 
Included  is  simulation  of  the  six-degree-of-freedom  flight  mechanics  and  the  orbital 
flight,  re-entry,  and  landing.  A  560  amplifier  analog  computer  and  a  digital  computer 
are  required  to  perform  this  simulation. 

In  a  few  cases  an  attempt  to  simulate  acceleration  has  been  made  by  pulling  on  the 
shoulder  straps  or  exerting  pressure  on  the  seat  cushions.  This  is  indicated  by  the 
‘pseudo  <7  block  of  Figure  5.  The  worth  of  this  feature  in  improving  correlation  of 
data  with  actual  flight  is  not  known. 

It  has  become  standard  practice  in  aircraft  and  missile  development  to  make  use  of 
a  category  of  simulator  that  is  called  the  ‘iron  bird’  or  the  ‘iron  monster’  .  This 
category  is  of  great  importance  in  the  design  and  development  process.  The  first  step 
in  the  development  of  an  ‘iron  bird'  is  normally  the  use  of  a  simple  cockpit -analog 
computer  simulator  as  shown  in  Figure  6.  This  particular  simulator  is  a  Republic 
Aviation  Corporation  installation.  Another  typical  installation,  in  Figure  7,  belongs 
to  Grumman  Aircraft  Engineering  Corporation.  Simulators  such  as  this  can  be  quickly 
built  up  and  adapted  to  the  problems  of  the  particular  mission  and  configuration  by 
connection  with  the  analog  computer  facilities  that  are  available  in  all  companies. 

As  the  design  of  the  vehicle  progresses  and  components  of  the  control  system  are 
designed  and  begin  to  be  available,  the  ‘iron  bird’  simulator  is  built.  A  typical 
installation  is  shown,  in  Figure  8,  of  the  Douglas  A4D-2N.  Normally,  these  simulators 
go  through  a  continuous  refinement  process  all  through  the  years  of  development, 
starting  with  little  actual  equipment,  then  insertion  of  early  components  and  then  the 
production  hardware.  The  cockpit  also  normally  shows  such  a  growth  starting  with 
simple  controls  and  presentation  and  finally,  in  some  cases,  a  very  complete  mock-up. 
The  actual  vertical  tail  of  the  A-4D  is  shown  installed  in  the  photograph.  This  pro¬ 
cedure  is  followed  in  some  cases  where  it  is  felt  that  structural  elasticity  effects 
are  necessary  to  provide  adequate  simulation. 

The  simulation  of  the  aerodynamic  characteristics  also  undergoes  continuous 
revision  as  knowledge  of  the  airplane  grows  with  analyses  and  wind  tunnel  tests. 

Figure  9  shows  another  example  of  this  type  of  simulator.  This  one  is  of  the 
North  American  X-15  and  can  properly  be  classed  as  an  'iron  monster’ 

In  certain  cases  of  extremely  complex  systems  a  second  partial  ‘iron  bird’  may  be 
built  to  obtain  reliability  and  qualification  information  on  the  system  and  the 


components  in  addition  to  the  system  performance  information  normally  sought  on  the 
‘iron  bird' 
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In  some  cases  a  final  stage  of  simulation  would  be  to  connect  the  actual  airplane 
system  with  analog  computers  to  prove  the  performance.  Figure  10,  taken  from  ♦ 
Reference  1.47,  shows  such  a  simulation  being  performed  by  General  Electric  engineers 
on  the  F-106A  automatic  flight  control  system. 

The  ‘iron  bird'  concept  is  not  only  used  with  manned  aircraft.  It  is  also  used  and 
endorsed  by  the  missile  designers,  both  aerodynamic  and  ballistic. 

Referring  back  to  Figure  5,  let  us  pass  on  to  a  brief  discussion  of  the  various 
motion  simulators  in  use.  Very  few,  if  any,  simulators  are  now  available  with  only 
one  rotational  degree  of  freedom.  Depending  on  the  intended  function  of  the  simulator, 
two  or  three  rotational  degrees  of  freedom  will  normally  be  incorporated.  An  example 
of  two  rotations  is  the  NASA  pitch-roll  chair.  A  number  of  three-rotational-degree- 
of-freedom  simulators  have  recently  come  into  being,  motivated  basically  by  interest 
in  space  vehicles,  VTOL  configurations,  and  reaction  controls.  Many  of  these  devices 
utilize  air  bearings  and  in  some  cases  they  are  quite  elaborate.  NASA  at  Lewis  has  a 
four-gimbal  type  simulator  in  which  high  spin  rates  are  possible. 

The  rotation  simulators  of  the  Link  trainer  type  have  limitations  on  the  rotational 
travel.  By  incorporating  initial  motion  into  the  simulator  and  then  ‘washing  out’  the 
motion  in  actuality  but  continuing  it  on  the  instruments,  what  is  said  to  be  a  very 
effective  simulation  of  continuous  motion  is  obtained.  This  capability  is  incorpora¬ 
ted  in  the  WADD-T-37  general  purpose  simulator  and  is  referred  to  in  Figure  5  as 
‘pseudo  motion' . 

Centrifuges,  as  is  known,  have  been  used  to  produce  steady  %  forces  on  pilots  to 
determine  their  tolerance  and  capabilities  while  enduring  these  forces.  At  the  Naval 
Air  Development  Center  at  Johnsville,  Pennsylvania,  a  facility  is  available  which  com¬ 
bines  a  centrifuge  with  a  piloted  capsule  with  two  rotational  degrees  of  freedom. 

Much  interesting  work  has  been  done  on  this  facility  with  respect  to  the  X-15  program. 

An  interesting  facility  for  simulating  zero  g  has  been  built  at  Lockheed,  Marietta, 
Georgia.  This  facility,  which  is  described  in  Reference  3.13,  simulates  zero  g  by 
spinning  a  man  submerged  in  water  about  his  longitudinal  axis. 

The  only  simulator  known  to  the  author  which  has  just  one, translational  degree 
of  freedom  and  no  rotational  freedom  is  the  g  seat  at  Convair,  designed  to  study  tur¬ 
bulence  at  low  altitudes.  Normally,  if  translational  degrees  of  freedom  are  included, 
some  rotational  degrees  are  also  included  such  as  on  the  pitch-heaving  g  seats  avail¬ 
able  at  NASA,  Langley  and  North  American,  Columbus. 

Grumman  has  a  unique  facility  which  incorporates  pitch,  roll  and  heave.  It  has 
both  external  and  internal  display  and  incorporates  ‘wash  out'  to  simulate  large 
motions.  It  is  especially  useful  for  VTOL,  low  altitude  flight,  and  approach  and 
landing  studies. 

A  large  simulator  is  available  at  Bell,  Dallas  for  studying  VTOL  problems.  This 
simulator  has  a  three-degree-of-freedom  cabin  mounted  on  a  strut.  This  strut  can  be 
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moved  up  and  down  to  provide  heaving  to  the  cabin  and  also  can  be  moved  in  the  other 
two  directions  to  provide  a  corrected  vertical  acceleration  as  the  cabin  is  rotated. 

NASA,  Ames  has  a  slx-degree-of-freedom  simulator  under  design  which  will  have  a 
three-rotation  cabin  able  to  translate  to  a  limited  degree  in  all  three  axes.  This 
would  be  intended  for  V/STOL  and  approach  and  landing  studies. 

Most  impressive  of  all  is  the  NASA-Ames  facility  having  a  three-rotational-degree- 
of-freedom  cabin  able  to  translate  vertically,  mounted  on  a  centrifuge. 

To  provide  the  various  motions  to  the  simulators  as  discussed,  results  in  additional 
complexity  and  cost  so  that,  in  general,  as  we  move  from  left  to  right  in  Figure  5  the 
problems  of  constructing  and  operating  the  simulators  are  increased. 

The  purpose  in  adding  these  motions  to  the  simulators,  of  course,  is  to  add  fidelity 
to  the  simulation,  improving  the  correlation  with  actual  flight.  Unfortunately,  this 
correlation  is  in  a  very  imperfect  stage  and  the  answer  to  what  is  the  minimum  motion 
to  provide  acceptable  fidelity  of  simulation  is  not  available. 

It  is  quite  possible  for  motion  of  one  sort  or  another  introduced  into  a  simulator, 
while  being  impressive  to  see,  to  do  more  harm  than  good  as  far  as  giving  results  com¬ 
parable  to  the  flight  situation.  The  work  at  NASA,  Ames  reported  in  several  references 
is  most  valuable  in  this  respect  and  additional  work  is  certainly  urgently  needed. 


3.  TYPICAL  USE  OF  SIMULATORS  IN  WEAPONS  SYSTEM  DESIGN 

At  this  point,  it  is  desired  to  indicate  what  would  be  typical  use  by  a  United 
States  aircraft  company  of  simulators  during  the  development  cycle.  In  Figure  11,  the 
three  phases  of  primary  ihterest  to  the  aircraft  company  are  shown  in  the  center.  As 
an  example  a  high-performance  vehicle  of  complex  nature  somewhat  extending  the  ‘state 
of  the  art’  is  assumed. 

During  the  preliminary  design  extensive  use  of  the  simple  cockpit  simulator  would 
be  made  to  firm  up  design  requirements  and  to  give  information  on  specific  problem 
areas  not  sufficiently  covered  by  general  research  programs.  Considerable  variation 
in  the  extent  of  these  programs  would  be  caused  by  the  mission  and  configuration.  For 
instance,  at  the  present  time  this  phase  of  simulation  would  be  considerably  higher  if 
a  VTOL  fighter  were  under  consideration  than  if  a  more  conventional  fighter  were  in 
design.  As  is  no  doubt  obvious,  both  the  kinds  of  simulators  used  and  the  types  of 
programs  conducted  are  very  similar  to  those  in  the  research  phase.  Variable-stability 
aircraft  can  be  and  have  been  of  use  in  examining  particular  problem  areas  of  specific 
designs  not  sufficiently  understood. 

In  the  detailed  development  phase  heavy  emphasis  is  laid  on  the  ‘iron  bird'  simu* 
lator.  In  a  not  too  sophisticated  system  most  of  the  effort  may  be  placed  on  the 
equipment  development  and  proof  testing.  Preliminary  exposure  of  the  flight  test 
group.Jto  the  characteristics  of  the  system  will  be  provided  in  order  to  allow  proper 
planning  of  the  flight  test  program. 


In  view  of  the  elaborateness  of  the  ‘iron  bird’  simulator  considerable  expense  is 
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involved  in  both  constructing  and  operating  it.  However,  its  use  is  universally 
endorsed  by  the  industry,  with  no  exceptions  to  the  knowledge  of  the  author,  as  a  time 
end  money  saver.  Basically  its  use  is  a  function  of  the  complexity  of  the  design,  the 
degree  to  which  the  design  is  pushing  the  state  of  the  art,  and,  related  to  the  first 
two,  the  dollar  cost  of  the  system.  With  the  tremendous  cost  of  bringing  a  design  to 
the  flight  test  stage,  the  fantastic  cost  of  flight  test  time,  and  the  horrendous 
economic  waste  caused  by  mistakes,  miscalculations  and  redesign,  the  ‘iron  bird’  is 
felt  by  all  to  be  an  essential. 

As  the  aircraft  progresses  into  the  flight  test  stage  increased  emphasis  may  again 
be  placed  on  the  cockpit  simulator.  The  dust  may  be  brushed  off  the  simple  simulator 
and  it  may  be  improved  to  demonstrate  dangerous  conditions  to  the  pilots  and  to  guide 
the  test  program.  The  ‘iron  bird’  is  utilized  in  evaluating  the  final  equipment  to  be 
used  in  the  production  aircraft. 

If  the  particular  design  is  conventional  both  in  aerodynamic  configuration  and  its 
control  system  and  is  of  relatively  low  performance,  simulators  may  not  be  used.  A 
judgment  that  they  are  not  needed  would  be  based  on  the  economic  factors  referred  to 
previously  and  to  what,  could  be  called  a  ‘confidence  factor’ .  This  ‘confidence  factor’ 
is  a  function  of  how  sure  the  engineers  are  of  their  knowledge  and  theoretical  calcu¬ 
lations.  Such  cases  with  a  high  ‘confidence  factor’  will  be  very  few  in  the  future. 

At  the  other  extreme  are  the  designs  which  push  the  state  of  the  art  to  the  extreme, 
such  as  the  X-15  and  Dyna-Soar.  In  these  cases  research  type  information  is  needed 
and  will  be  gathered  through  all  the  phases  indicated.  Extremely  complex  simulation 
can  be  easily  justified  on  the  basis  of  the  high  cost  of  the  total  system.  Much  of 
the  equipment  is  necessarily  of  high  performance  or  of  new  design  and  consequently 
needs  much  simulator  evaluation.  Pilot  training  needs  are  much  greater  than  normal. 

In  view  of  the  research  nature  of  many  such  vehicles  the  operational  use  phase  merges 
into  the  normal  flight  test  phase  with  resulting  readjustments  in  the  consideration 
of  flight  test  and  operational  training  simulators, 

4.  PHILOSOPHY  OF  USE  OF  SIMULATION 

And  finally,  before  closing,  a  few  general  thoughts  are  set  forth  on  the  subject  of 
simulation,  in  particular,  flight  control  system  simulation. 

Fundamentally,  simulators  are  used  where  basic  knowledge  is  weak,  complex  interre¬ 
lationships  are  not  fully  understood  and  calculations,  estimates,  or  judgments  are  not 
trusted.  In  other  words  the  confidence  factor  referred  to  previously  is  low.  Also 
involved  are  the  economic  factors.  With  a  modern  complex  weapon  system  the  costs  of 
carrying  a  design  through  the  flight  test  phase  may  be  a  billion  dollars.  Furthermore, 
there  may  be  no  extensive  production  as  such  to  eliminate  the  ‘bugs'  .  Under  such 
conditions  major  errors  and  deficiencies  are  intolerable.  The  use  of  simulation  is 
affected  by  the  philosophy  of  development  of  new  aircraft  in  a  country.  Rapid  exploit¬ 
ation  of  the  state  of  the  art  invites  the  ‘cut  and  try*  approach.  Such  a  philosophy 
has  been  followed  in  the  United  States,  most  exemplified  by  the  research  series  of 
aircraft.  If  the  development  of  new  types  of  aircraft  proceeded  at  a  slow  steady 
pace  research  would  normally  be  properly  accomplished  prior  to  initiation  of  the  design 
and  a  designer  would  not  have  the  compulsion  to  use  such  extensive  simulation.  This 
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rapid  pace  of  development  application  of  knowledge  however  has  become  a  way  of  life 
and  it  is  not  believed  that  it  will  change  under  present  conditions. 

From  the  above  factors  a  continual  and  increasing  trend  toward  complex  simulation 
can  be  predicted.  There  is  a  very  real  danger  involved,  however.  Simulators  are  not 
only  costly  in  dollars  to  build  and  operate  but,  more  importantly,  they  are  costly  in 
technical  talent  to  operate.  Technical  talent  of  high  grade  is  not  plentiful  and  if 
too  much  is  tied  up  in  work  related  to  simulation,  to  the  detriment  of  analytical 
studies  and  planning,  the  consequences  can  be  serious. 

Most  serious  of  all  is  the  type  of  attitude  that  sometimes  develops,  to  simulate 
without  thinking.  This  is  deadly.  It  results  in  blind  repetitive  programs  of  little 
real  worth.  It  is  the  opinion  of  the  author  that  in  Europe  this  condition  is  less 
prevalent  than  in  the  United  States.  Lack  of  a  simulator  may  encourage  the  development 
of  a  more  basic  understanding  of  a  phenomenon. 

This  is  not  to  imply  opposition  to  simulation.  On  the  contrary,  rather  is  it  a  plea 
for  its  intelligent  use. 

Another  thought  related  to  the  above  is  with  regard  to  the  organization  of  simulator 
groups.  It  is  the  author' s  feeling  that  simulator  groups  many  times  tend  to  look  on 
the  simulator  facility  as  their  goal  and  try  continually  to  develop  and  improve  it 
whether  it  is  needed  or  not.  It  appears  much  preferable  for  an  organization  to  be 
problem  orientated,  having  and  using  simulators  as  necessary  to  solve  their  problems. 


5.  CONCLUSIONS 

In  the  preceding  discussion  an  attempt  has  been  made  to  give  some  perspective  to 
the  subject  by  classification  of  simulators  in  various  ways,  a  review  of  various  faci¬ 
lities  available  in  the  United  States,  and  some  historical  background  is  given.  Dis¬ 
cussed  in  more  detail  were  flight  control  system  simulators,  particularly  the  ‘iron 
bird’  type  used  extensively  in  development.  An  indication  cf  the  typical  use  of  simu¬ 
lators  by  a  United  States  aircraft  company  was  made.  Finally  some  notes  on  the  philo¬ 
sophy  of  use  of  simulators  were  made. 

In  closing,  it  can  be  stated  that  simulation  is  a  tool,  use  it  as  such  and  do  not 
let  it  use  you. 


12 


Pig. 2  Operational  flight  simulator 
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Fig.7  Grumman  simple  cockpit  simulator 


Pig.  8  Douglas  A4D  ‘Iron  Bird' 


NAA  X-15  ‘iron  Monster' 


Inn  mm 

HU  MM 

SB  SB 


* 

r 


Pinal  design  requirements  Pilot  training 


CO 

s 

a> 

H 

X2 

o 

CO 

p 

■p 

0t 

G 

0) 

o 

5 

•H 

55 

•H 

•H 

O 

3 

a> 

a4 

o, 

0) 

CO 

Jh 

G 

a 

O 

•H 

G 

CO 

P 

0) 

aJ 

a 

a 

VARIABLE-STABILITY  AIRCRAFT 


«P 


m 

to 

o 

45 

s 

rH 

53 

o 

r> 

O 

0 

o 

73 

p 

5 

P 

n  & 

0 

3 

3 

o 

p 

P 

p  a 

3 

3 

a 

cd 

o 

to 

3 

3  U 

3 

rH 

p 

o 

O  P 

P 

p 

0) 

•H 

c 

o 

42  P 

rH 

-<2 

cd 

P 

A 

a> 

a  *h 

3 

*rH 

0 

0 

B 

rH 

•rl  Cd 

B 

rH 

42 

is 

73 

JS 

0 

•H 

•rH 

0 

«0 

0) 

45  P 

to 

42 

• 

'O 

75 

p 

•H 

45 

P  O 

3 

0 

cd 

•H 

•H 

rH 

St 

*H 

0 

p 

r-H 

a> 

O 

B 

& 

&  a 

73 

to 

42 

73 

bD 

•rH 

E 

0) 

o 

3 

3 

3 

P3 

5 

O 

PS  *H 

B 

45 

N 

>5 

45 

V-*  <—v 

o 

P 

O  P 

P 

•H 

rH 

A 

3 

o 

o 

•H  3 

« 

3 

rH 

rH 

O 

< 

P 

P  N 

to 

a 

cd 

cd 

75 

•  "H 

O  ‘rH 

o 

0 

•rH 

3 

73  P 

P 

3  rH 

•H 

p 

p 

P 

3 

0)  3 

o 

a  -h 

B 

45 

(5 

45  3 

•*~5  42 

a 

bD 

r-H 

0 

rH 

CO  rH 

0 

£5  3 

c 

•rH 

o 

to 

rH 

iH  3 

to 

O  p 

K, 

rH 

p 

to 

o 

rH  > 

C3 

O  3 

73 

P 

p 

Cd 

p 

ft  0 

<D 

to  45 

. 

p 

• 

o 

>5 

45 

•rH  p 

(D 

0) 

1 

1 

o 

75 

p 

P 

P 

75 

P  *H 

o 

45 

3 

O 

<D 

•H 

0 

0) 

0  is 

P 

P 

i 

r-H 

P 

a> 

73 

to 

i — ( 

bD 

45 

•a 

P  . 

o 

3 

rH 

3 

3 

CD 

•rH 

3 

•rH 

3 

P 

•H 

o 

p 

rH 

•rH 

•rH 

< 

O 

v< 

> 

St 

42 

•rH 

> 

3  2 

rH 

3 

O 

•H 

bo 

O 

0) 

•H 

rH 

3 

O 

rH 

3 

to 

P 

a> 

p 

to 

44 

to 

rH 

3 

P 

3  -g 

3 

CD 

o 

• 

3 

75 

A 

o 

P 

to 

O 

45 

a. 

45  g 

3 

0) 

45 

1 

P 

3 

a 

O 

o 

P 

P 

°  8 

O 

44 

P 

3 

3 

•H 

rH 

CD 

Vi 

St 

A 

P 

•rH 

3 

O 

0) 

75 

3 

42 

3 

3 

P 

• 

>>  3 

P 

6 

P 

3 

bo 

P 

O 

Oh 

to 

0 

O 

(D 

p 

P  CD 

•rH 

O 

3 

O 

•H 

O 

•H 

45 

O 

o 

•rl  45 

75 

O 

3 

CD 

1 

P 

P 

P 

45 

P 

P 

0 

rH  P 

75 

P 

CO 

O 

> 

o 

O 

O 

P 

P 

3 

P 

•H  O 

3 

CD 

•iH 

3 

o 

3 

CO 

a> 

o 

P 

•H 

42  O 

to 

75 

P 

O 

V 

3 

*r-> 

P 

p 

rH 

75 

3  E 

bD 

3 

O 

O 

O 

3 

A 

* 

o 

O 

3 

•rH 

P 

P  to 

3 

* 

a 

S 

P 

p 

bC 

o 

P 

CO 

•H 

75 

3 

3 

>> 

Cm 

0 

•rH 

rH 

P 

o 

75 

0 

rH 

to 

3 

P 

O 

to 

P 

a) 

•rH 

cd 

v«  5 

<D  3 

75 

to 

3 

3 

3 

3 

o 

to 

45 

A 

Vi 

3 

O 

V< 

CD 

C 

•rH 

V 

A 

a> 

P 

O 

o 

P  CO 

Pi 

3 

>5 

•H 

45 

3 

3 

> 

P 

Vi 

P  O 

P 

Vi 

P 

a 

V 

P 

P 

O 

3 

3 

P 

3 

•rH 

a)  -h 

3 

3 

3 

rH 

O 

3 

•rH 

o 

CL, 

•rH 

o 

3 

cd 

42  p 

O 

a, 

3 

Pi 

P 

a 

* 

3 

I 


3 

to 

to 

0 

rH 

75 

rH 

75 

O 

•H 

CD 

I 

rH 

3 

3 

rH 

• » 

0 

O 

45 

CD 

tt> 

3 

42 

3 

a 

o 

3 

0 

»H 

l 

Eh 

45 

3 

3 

•H 

3 

o 

Vi 

3 

Pi 

3 

3 

1 

CO 

P 

bo 

rH 

44 

CO 

75 

•rH 

•H 

Pi 

O 

3 

.  *rH 

O 

3 

3 

CD 

rH 

P 

3 

• 

P 

P 

Pi 

•H 

75 

V 

Vi 

O 

o 

O 

• 

C 

• 

O 

3 

CD 

3 

3 

3 

Vi 

3 

3 

V< 

•H 

rH 

3 

0 

•H 

•rH 

o 

0 

✓ — » 

o 

r-H 

P 

•H 

45 

3 

45 

42 

CD 

O 

CD 

> 

o 

rH 

3 

0 

a 

rH 

3 

P 

0 

O 

03 

•H 

P 

CD 

3 

£ 

•H 

P 

> 

Vi 

P 

Pi 

3 

0 

45 

•H 

•H 

0 

45 

P 

• 

p 

o 

0 

rH 

Vi 

Pv 

73 

O 

CD 

3 

>> 

O 

0 

75 

P 

>> 

3 

P 

P 

p 

P 

O 

CSJ 

a 

rH 

45 

3 

P 

CD 

43 

0) 

rH 

Vi 

rH 

3 

75 

•rH 

P 

O 

Vi 

45 

•rH 

P 

•H 

•rH 

> 

3 

CO 

43 

O 

73 

3 

•H 

3 

P. 

♦H 

3 

O 

•H 

0 

< 

P 

* 

73 

Vi 

P« 

bD 

P 

• 

3 

3 

O 

3 

rH 

3 

3 

P 

o 

45 

0 

0 

a 

o 

O 

a) 

•rl 

45 

to 

CO 

3 

v< 

rH 

O 

3 

P 

o 

P 

bD 

rH 

73 

rH 

3 

CO 

P 

o 

to 

b0 

P 

rH 

B 

o 

73 

o 

3 

P 

o 

3 

rH 

3 

• 

rH 

0 

42 

a> 

3 

p 

3 

O 

3 

CO 

B 

p 

0) 

Vi 

3 

3 

O 

0 

O 

3 

Vi 

3 

73 

3 

t- 

C5 

3 

o 

3 

O 

73 

3 

O 

75 

•H 

Pi 

P 

CD 

•rH 

P 

45 

O 

•H 

•rH 

• 

p 

Vi 

to 

a 

is 

O 

3 

3 

P 

P 

3 

•rH 

to 

P 

O 

P 

3 

> 

P 

CSI 

E 

rH 

3 

45 

CD 

Pi 

3 

O 

3 

iH 

O 

3 

3 

£ 

3 

3 

O 

o 

3 

V 

3 

3 

•H 

P 

44 

p 

a) 

3 

s 

V- ' 

* 

O 

o 

3 

Vi 

3 

O 

P 

> 

u 

> 

p 

3 

O 

0) 

3 

o 

rH 

B 

y— N 

O 

rH 

rH 

45 

0 

•H 

O 

0 

rH 

A 

• 

ID 

to 

O 

O 

75 

P 

Pi 

43 

CD 

Vi 

•H 

O 

P 

CO 

3 

0 

O 

rH 

P 

rH 

0 

>5 

3 

• 

>> 

•rH 

P 

CD 

O 

CO 

P 

B 

O 

43 

o 

3 

• 

73 

•rH 

> 

0 

• « 

3 

0 

0 

0 

3 

rH 

P 

t» 

P 

P 

»H 

0) 

P 

* 

0 

Cvi 

0 

o 

P 

O 

3 

V. 

P 

P 

•H 

3 

3 

3 

73 

•H 

a) 

3 

bfi 

3 

B 

7? 

iH 

Efc 

O 

o 

Vi 

0 

3 

0 

3 

0 

• 

a> 

0) 

rH 

Pi 

45 

O 

3 

rH 

CD 

73 

0 

• 

•H 

P 

3 

3 

0 

rH 

Vi 

45 

0 

3 

O 

•rH 

3 

>• 

P 

0) 

O 

P 

3 

rH 

rH 

3 

O 

P 

> 

•rH 

0 

73 

0 

P 

O 

rH 

3 

73 

P 

3 

O 

CD 

P 

73 

Vi 

3 

tt 

3 

3 

0 

o 

P 

P 

i* 

73 

O 

75 

f-H 

o 

3 

3 

0 

O 

a) 

45 

3 

3 

3 

Vi 

B 

3 

O 

rH 

P2 

H 

Vi 

O 

3 

3 

3 

C 

3 

O 

o 

p 

•H 

P 

02 

o 

3 

St 

3 

O 

3 

3 

3 

3 

Pi 

Pi 

v-' 

£ 

3 

P 

Vi 

Vi 

3 

3 

P 

p 

p 

P 

bO 

N-/ 

05 

CO 

13 

IP 

1 

rH 

rH 

U3 

IP 

05 

O) 

rH 

rH 

0  3 

ss 

H  P 


t-  8 

V  Se 

-SB  •- 


A-iii 


A-iv 


(Refs.  2.10  and  2.20) 


o 

U 

p 

i 

3 

•H 

P 

b0 

to 

P 

a> 

43 

a 

3 

3 

a  <d 

p 

P 

o 

•rH 

* 

O  P 

o 

>> 

X3 

bo 

J* 

•rH 

P 

R 

3  3 

P 

P 

P 

3 

XI  P 

P 

X 

3 

p 

+j  a 

a) 

43 

w 

bo 

3 

aJ 

p 

p 

o 

p  O 

3 

P 

c 

Li 

43  O 

P 

•H 

O 

3 

a 

efl  at 

O 

o 

P 

•H 

o 

3 

P 

10 

r-H  B 

co 

co 

O 

3 

•H 

P  3 

o 

CO 

•rH 

43 

s 

•H 

<! 

P 

P 

p 

3  P 

p 

3 

•H 

•H  C 

co 

bo 

p 

•H 

P 

• 

•rH 

3 

o 

3  s 

*H 

• 

P 

at  w 

s 

a; 

p 

4* 

CO 

3 

<D 

P  X 

p 

p 

Li 

3 

bO  P 

cn 

o 

e  s 

o 

3 

3 

t-i 

O 

* 

> 

3 

3  P  | 

•H  P 

a 

3 

O 

P 

a  p 

Li 

p  B 

0} 

Jh 

CO 

t  at 

£ 

3  3 
X  B 

43 

o 

P 

3 

0Q 

5 

3  3 

x  a1 

m 

«5  to  t- 


t-i  o 

I  O  P 

u 


p 

• 

. 

O  p 

,-s 

* 

p 

P 

p 

3 

Li 

3 

O 

■* 

P 

w 

p 

CO 

a 

3 

o 

O 

X 

a 

at 

3 

o 

3 

o 

CM 

a 

O 

3 

a 

3 

3 

o 

►> 

3 

p 

O 

o 

p 

• 

3 

3 

o 

P 

a 

43 

a 

Li 

O 

u 

p 

O'! 

P 

X 

3 

o 

P 

a 

« 

P 

*3 

o 

m 

a 

43 

o 

Li 

P 

P 

a 

p 

t- 

cm 

X 

o 

3 

o 

P 

>> 

3 

3 

P 

Jh 

3 

• 

3 

o 

43 

p 

O 

3 

42 

X 

H 

o 

O 

p 

© 

o 

3 

p 

P 

•H 

& 

X 

3 

Li 

a 

Li  3 

CO  0)  O  II 
3  >  4* 
o  3  aJ  <m 
Li  3  0) 

O  3  *h 

<h  a  xi  -o 

a  o 


3  3 
^  M’H 
•H  O 
Lt  C 0 

o  3 

►>  p 
M  43  3 
O  P 


X  3 

O 

P 

a 

o 

• 

Jh 

p 

Li 

3 

CM 

3 

3 

•  3 

a 

3  P 

P 

a 

bO 

be 

P 

P 

a 

P 

P 

p  P 

a 

3  P 

P 

O 

3 

3 

3 

3 

X 

3 

• 

bC 

P 

P  >H 

o 

3 

3 

43 

X 

j3 

P 

o 

3 

£ 

p 

3 

3 

P 

O  3 

o 

_  Oh  a  O  *3  O  P 

X  B  3  O 

S«  a  .cd  •  .3 

w  d  co  a  **  w 


O  P  P 
P  3  3 
•H  *  3 
O  O 

^  $g  p 

o  3  p 


CO 

00 

in 

in 

CM 

CM 

in 

in 

O) 

05 

p 

p 

3 

P  r~V 
a  >5 
o  I  3 
O  <  P 
•H  W  M 

III 


(Refs.  2.19  and  2.32) 


I  I 


A-vi 


U 


G 

O 

cd 

G 

1 

rH 

d 

•H 

•rH 

i 

3 

o 

p 

P 

p 

p 

G 

P 

p 

O 

CO 

p 

d 

o 

'13 

13 

o 

G 

•H 

o 

p 

•H 

3 

p 

R 

CD 

P 

CD 

CD 

O 

P 

G 

CD 

X 

o 

o 

o 

P 

co 

rH 

o 

P 

P 

G 

13 

O 

G 

p 

p 

o 

CD 

rH 

rH 

cd 

P 

O 

rH 

o 

O 

be 

G 

VH 

•H 

O 

•rH 

CD 

P 

o 

CD 

p 

G 

O 

G 

G 

P 

P 

A 

P 

o 

♦H 

13 

o 

•H 

•H 

O 

•H 

•rH 

P 

•H 

CD 

it 

a) 

P 

G 

• 

>> 

P 

•H 

t-H 

G 

O 

G 

X! 

p 

d 

* — - 

co 

P 

d 

P 

»— 1 

cd 

O 

•H 

•rH 

P 

X! 

d 

CD 

CO 

CD 

P 

bO 

<a 

d 

3 

o 

P 

O 

X 

►> 

CD 

co 

d 

•H 

• 

bC 

P 

D< 

cd 

CQ 

0) 

P 

P 

P 

P 

•H 

o 

o 

P 

•H 

G 

a> 

H 

d 

CO 

d 

d 

•H 

P 

A 

CO 

CO 

P 

0) 

be 

G 

O 

• 

* 

d 

CD 

X 

G 

rH 

•H 

P 

p 

CD 

d 

CO 

a 

G 

cd 

P 

a 

CD 

CO 

P 

•H 

•H 

rH 

3 

o 

> 

p 

CD 

•H 

•H 

rH 

G 

CD 

P 

P 

CD 

X 

d 

A 

p 

G 

► 

P 

t-H 

A 

cd 

p 

p 

O 

P 

CO 

be 

d 

3 

k> 

G 

0) 

13 

P 

CO 

cd 

G 

H 

G 

P 

a1 

13 

CO 

P 

P 

a 

G 

•H 

G 

S>> 

P 

•rH 

P 

<D 

•H 

CO 

CD 

•H 

O 

P 

K 

d 

cd 

cd 

CO 

o 

o 

rH 

CO 

be 

CO 

‘rH 

G 

P 

<d 

x 

p 

O 

X 

•H 

CD 

G 

•rH 

P 

P 

CD 

X 

P 

X 

rH 

•H 

P 

CO 

o 

P 

G 

> 

P 

d 

1 

be 

G 

0) 

a> 

be 

o 

cd 

C0 

p 

d 

d 

rH 

CD 

d 

R 

CD 

•H 

•rH 

X! 

p 

3 

p 

P 

o 

A 

rH 

13 

P 

P 

CD 

P 

t-H 

cd 

P 

■6 

o 

p 

CO 

a) 

G 

►> 

Q. 

G 

O 

P 

P 

Ja 

G 

P 

13 

<D 

CD 

rH 

P 

cd 

CD 

P 

CO 

CD 

X 

G 

•H 

O 

e 

p 

> 

X 

rH 

•H 

X 

X 

•H 

k, 

X 

< 

O 

O 

P 

p 

o 

o 

•H 

P 

d 

d 

V-r 

P 

cd 

CO 

P 

•  o 

V  P 

0>  A  P 

x  d 
p  p  a 


t 

P  13 

a  .  § 

O  G 
P  O  m 


■s  .  ■S 

O  W  CD 
O  >>  P 
CO  CO 
P 

o  o  o 


P  <H 
X  P  O 

O  P 
‘H  P  G 

X3  ^  O  TJ 
St  Ol  -H  0) 


*lH 

o 

CO 

o 

CD 

p 

CD 

A 

•H 

o 

13 

p 

p 

G 

CO 

P 

P 

G 

A 

CD 

P 

p 

CD 

13 

CD 

p 

• 

it 

CD 

bo 

P 

p 

be 

d 

13 

k> 

co 

CD 

CO 

O 

♦H 

p 

P 

p 

G 

X 

A 

p 

X 

G 

P 

3 

R 

A 

rH 

O 

ci 

p 

O 

p 

•H 

X 

CD 

13 

d 

O 

a 

•rH 

p 

< 

P 

d 

p 

cd 

d 

d 

CD 

iH 

§ 

r* 

d 

CD 

2 

P 

o 

CO 

P 

d 

X 

P 

p 

9 

p 

d 

CD 

CO 

P 

B 

P 

P 

CD 

O 

G 

P 

a, 

d 

p 

CD 

CD 

•H 

CD 

> 

O 

p 

CD 

o 

> 

•H 

o 

O 

p 

CD 

0) 

CO 

CD 

13 

•H 

be 

P 

P 

13 

• 

13 

#2 

a 

P 

CO 

CD 

P 

CO 

CD 

G 

• 

» 

P 

o 

A 

<D 

13 

>H 

P 

P 

•H 

0) 

13 

0> 

CO 

13 

•rH 

CO 

G 

13 

be 

d 

CD 

rH 

X 

O 

P 

CD 

0) 

3 

k> 

X 

3 

CO 

13 

CO 

CO 

13 

• 

k> 

CO 

CD 

0) 

P 

P 

1 

O 

G 

13 

< 

P 

O 

O 

O 

a 

d 

CD 

P 

P 

P 

CD 

G 

CSJ 

X 

3 

O 

g 

O 

p 

•H 

d 

•H 

V) 

<D 

P 

P 

G 

•H 

rH 

O 

d 

CD 

tH 

CO 

d 

• 

CO 

52 

P 

be 

d 

P 

o 

d 

> 

■ 

p 

O 

CD 

P 

P 

o 

P 

X 

d 

p 

* 

CD 

CD 

P 

P 

13 

CO 

d 

d 

•H 

k. 

G 

A 

• 

G 

p 

P 

CD 

v 

o 

13 

o 

P 

p 

o 

tH 

P 

o 

p 

00 

P 

P 

P 

CO 

P 

P 

it 

3 

13 

X 

d 

co 

p 

3 

13 

p 

•  •> 

3 

d 

p 

p 

CD 

•tH 

H 

X 

d 

3 

CD 

CD 

o 

D* 

G 

X 

CD 

d 

P 

P 

p 

a 

CO 

13 

P 

co 

G 

a> 

P 

P 

o 

• 

P 

CO 

13 

P 

p 

X 

O 

13 

o 

> 

d 

CD 

p 

G 

>> 

Q) 

CD 

P 

d 

CD 

O 

p 

o 

P 

p 

Cl 

CO 

CO 

P 

p 

o 

P 

O 

CD 

•r*» 

P 

A 

O 

P 

CO 

O 

A 

W 

P 

► 

X 

o 

o 

O 

« 

p 

p 

P 

O 

G 

p 

O 

P 

CO 

P 

o 

P 

3 

•rH 

►> 

3 

P 

P 

•H 

be 

G 

CD 

tH 

• 

/“• 

CD 

o 

o 

CO 

CD 

O 

X 

P 

G 

p 

d 

p 

P 

A 

13 

P 

P 

d 

P 

p 

P 

G 

O 

rH 

d 

CO 

CO 

> 

p 

p 

p 

X 

o 

it 

CD 

■6 

CD 

p 

> 

X 

CD 

5 

G 

d 

CD 

CD 

X 

o 

CO 

*fH 

P 

CD 

G 

p 

Tt* 

« 

p 

p 

d 

p 

P 

B 

B 

p 

CD 

be 

tH 

O 

3 

•H 

o 

P 

CD 

X 

P 

rH 

P 

P 

o 

2 

p 

G 

G 

p 

R 

d 

P 

CD 

P 

P 

a 

p 

X 

o 

O 

P 

ft 

CD 

X 

p 

tH 

p 

A 

O 

G 

p 

ci 

p 

o 

O 

CO 

G 

•H 

CD 

P 

P 

P 

0) 

CD 

p 

p 

p 

P 

d 

* 

P 

o 

* 

A 

o 

00 

3E 

3 

p 

N— ' 

w 

o 

o 

p 

P 

A 

P 

CO 

P 

A 

A  13 

p 

p 

to 

d 

bo 

► 

A-viii 


f 


o  o> 

t-  . 

.  CO 

o 

*  V/ 
P  0)  V/ 


00 

00  CO 

G 

•H  CM 


V/  O 

cts  ?  v> 

V, 

•  —1  rti 


U0  r — ( 

>j  o  m  o 
i  •  .  u 


T3  •  P 
O  O  <13 


O  V/  *0  +i 

X3  U  O  d 

O  -  P  U 

H  G  03  Sh  o 

U  «>.=>  03  TJ 

03  P  "V  A  O 

a  g  a 


T3 

00 

T3 

G  f»0 

T3 

G 

T3 

G 

0) 

G 

C 

•H  G 

G 

v/ 

O 

G 

0) 

O 

G 

O 

3 

rH  O 

3 

XI 

03  ' 

o> 

•H 

P 

r-H 

Q,  rH 

CO 

CO 

P 

P 

o 

G 

o 

03 

O 

£ 

d 

03 

• 

03 

o  • 

0) 

• 

• 

03 

r— < 

T3 

P 

03 

O  CM 

03 

o 

CO 

CO 

1 

0) 

u 

P 

G 

03 

00  03  ‘H 
G  P  O 

•3  S  g 

§  -as 

rH  S  +* 

<D  P 


CO 

b 

O 

03 

T3 

P 

E 

G 

G 

G 

G 

03 

rH 

P 

P 

O 

P 

P 

d 

•H 

o 

03 

P 

G 

>> 

T3 

03 

•H 

>> 

rH 

P 

G 

o 

• 

rH 

O 

d 

00 

O 

G 

03 

d 

P 

rH 

G 

OS 

03 

Sh 

c 

•rH 

o 

00 

G 

P 

T3 

03 

a 

u 

U 

rH 

03 

03 

rH 

B 

a 

03 

•H 

s 

03 

G 

3 

a 

a 

oS 

G 

0j 

♦o 

oS 

03 

P 

rH 

d 

a 

1 

T3 

03 

G 

03 

CO 

03 

03 

a 

O 

1 

p 

o 

0) 

rH 

T3 

o 

♦H 

d 

(0 

-u 

bo 

•H 

•H 

CO 

P 

u 

G 

Oj 

> 

O 

d 

CO 

03 

G 

d 

to 

o 

CM 

to  CM 

O 

P 

03 

a 

p 

P 

o 

o 

CM  lO 

03 

G 

o 

P 

o 

Sh 

G 

fco 

• 

CO 

CO 

CM 

P 

CO  O  P 

G 

a 

P 

03 

d 

P 

►i 

CO 

• 

m 

• 

• 

•  P  • 

P 

G 

*T3 

p 

CO 

N 

p 

P 

P 

03 

o 

• 

o 

O 

o  .  o 

p 

O 

•fH 

03 

P 

p 

v— ^ 

P 

> 

I 

p 

1 

1 

1  p  t 

P 

03 

fH 

T1 

rH 

T3 

P 

d 

«. 

P 

P 

i 

1 

O 

T3 

p 

G 

•rH 

O 

P 

> 

P 

O 

P 

P 

o 

o 

o 

o  o 

TJ 

d 

d 

G 

a 

G 

d 

O 

> 

G 

d 

•  • 

p 

o 

p 

p 

pop 

G 

G 

tH 

d 

d 

t-4 

d 

> 

CO 

p 

p 

O 

P 

p 

03 

P 

03 

P 

0> 

p 

p 

1* 

o 

p 

o 

O  CO 

/*» 

d 

d 

CO 

03 

CO 

G 

CO 

CO 

o 

p 

to 

CM 

00 

CO  CM  C— 

O 

P 

03 

> 

Sh 

P 

03 

O 

03 

p 

»/3 

p 

P 

p 

CM  H 

CO 

aS 

G 

03 

o 

TJ 

» 

O 

G 

03 

T3 

rH 

• 

• 

• 

• 

•  •  • 

• 

G 

P 

P 

p 

G 

• 

O 

P 

o 

o 

p 

o 

o 

O  O  O 

CM 

P 

d 

d 

a 

d 

G 

p 

P 

P 

G 

p 

O 

T3 

P 

rH 

3 

O 

o 

d 

P 

d 

P 

• 

d 

G 

O 

G 

* 

G 

P 

p 

Id 

P 

p 

P 

CO 

P 

3 

P 

03 

p. 

CO 

O 

P 

p 

c 

CO 

Sh 

P 

d 

<n  u 

a 

1  «o 

^  Q  w 

& 

o 

P 

G 

T5 

h 

Sh 

e) 

a 

o 

p 

d 

P 

G 

c 

c 

c 

r-i  • 

> 

CO 

•H 

P 

O 

03 

0> 

Sh 

G 

a 

03 

>■ 

■3 

03 

o 

u 

o 

u 

o  a  o 

N-/ 

u 

G 

P 

P 

P 

rH 

03 

03 

U 

u 

03 

O 

P 

p 

03 

03 

P 

a  g 

• 

• 

P 

• 

P 

03 

M 

u 

d 

o 

d 

a 

d 

o 

P 

p 

CM 

* 

CO 

W 

* 

- JJ— - - 

© 

rH 

p 

1 

X 

P 

© 

© 

P 

P 

X 

T3 

•H 

© 

* 

•P 

,-H 

XI 

P 

cd 

p 

•  R 

© 

TJ 

T3 

T3 

•H 

w 

rH 

Ti 

© 

T3 

rH 

•H 

p 

•H 

rH 

e 

p 

© 

Cd 

P 

P 

T3 

P< 

3 

W 

P 

c 

cd 

rH 

© 

d 

ft 

• 

rH 

> 

© 

P 

rH 

© 

C 

P 

•H 

rH 

0 

© 

O 

© 

cd 

O 

*H 

P 

P 

Et 

P 

P 

© 

© 

© 

p 

P 

* 

rH 

CO 

X 

P 

5 

© 

•H 

p 

p 

cd 

0 

B 

CO 

cd 

0 

X 

B 

p 

•H 

« 

P 

<p 

0 

© 

P 

rH 

CO 

•rH 

be 

O 

rH 

© 

-p 

P 

P 

© 

© 

P 

0 

P 

O 

cd 

rH 

P 

O 

sc 

M 

B 

*h 

CO 

s 

1 

CO 

1 

| 

p 

cd 

1 

1 

P 

p 

cd 

O 

P 

© 

bD 

p 

O 

0 

1 

© 

p 

P 

© 

X 

© 

TP 

P 

•H 

<4H 

© 

ft 

CO 

© 

c 

a. 

p 

n 

P 

© 

P 

P 

cd 

a 

be 

P 

O 

CO 

cd 

p 

O 

> 

O 

CO 

O 

rH 

bo 

P 

CO 

p 

p 

p 

CO 

TJ 

© 

B 

• 

© 

rH 

CO 

cd 

P 

•H 

H3 

0 

© 

0 

© 

CO 

P 

P 

CO 

rH 

© 

•H 

•H 

P 

4*S 

p 

•H 

*T3 

O 

P 

ft 

O 

p 

O 

O 

rH 

•H 

O 

3 

& 

p 

P 

§  § 

O 

© 

P 

P 

p 

*H 

ft 

B 

•H 

© 

P 

•H 

p 

p 

P 

T3 

CO 

P 

P 

•H 

P 

0 

p 

3 

© 

> 

P 

• 

O 

p 

P 

© 

© 

cd 

*H 

O 

rH 

CO 

> 

p 

> 

CO 

T5 

P 

CO 

O 

O 

P 

P 

r-H 

P 

O 

p 

CO 

P 

P 

© 

cd 

O 

© 

CO 

P 

O 

P 

© 

X 

P 

a. 

P 

© 

© 

O 

P 

ft 

•H 

p 

p 

cd 

Et 

cd 

O 

O 

CO 

«, 

O 

cr 

P 

to 

P 

cd 

P 

O 

rH 

p 

** 

P 

CO 

rH 

•H 

O 

O 

© 

O 

•H 

ft 

P 

0 

• 

O 

P 

© 

© 

P 

3 

P 

p 

P 

E! 

O 

P 

<4H 

p 

bfi 

P 

n 

P 

> 

p 

•rH 

X 

CO 

0 

O 

ft 

cd 

© 

cd 

p 

p 

O 

•H 

0 

P 

p 

0 

a 

p 

© 

cd 

3 

B 

X 

P 

CO 

P 

3 

O 

P 

•H 

•H 

0 

© 

© 

cd 

O 

p 

O 

p 

O 

ft 

P 

X 

p 

p 

cd 

© 

© 

P 

P 

p 

O 

P 

bC 

• 

cd 

X 

cd 

CO 

X 

CO 

P 

P 

be 

P 

HH 

© 

© 

p 

CO 

TJ 

0 

p 

FI 

bo 

0 

© 

p 

•H 

p 

cd 

0 

cd 

B 

P 

>H 

*H 

© 

cd 

© 

CO 

© 

P 

p 

p 

a 

cd 

© 

p 

P 

P 

a 

p 

p 

•H 

q. 

0 

P 

P 

p 

be 

© 

CO 

P 

•H 

© 

* 

© 

X 

X 

•H 

© 

P 

S 

•H 

•H 

TJ 

rH 

a 

xt 

hfi 

> 

O 

B 

bO 

X 

© 

P 

to 

•H 

O 

X 

P 

P 

•H 

O 

P 

© 

p 

P 

O 

P 

© 

X 

© 

P 

CO 

W 

P 

O 

cd 

P 

10 

•H 

p 

p 

ft 

X 

•H 

> 

P 

O 

♦H 

P 

H  X 
P  P  >5 
P  -h  +3 

©  *H 
C5  rH 
O  *c  *H 


w  ^  h  a) 
S>>  <H  «H  S  43 


O 

P  O 
P  ©  P 
P  P 
O  ©  P 
o  p  a 


bO 

©  O 
P  '  -P 


B 

> 

P 

bfi 

© 

X 

P 

P 

P 

p 

© 

© 

P 

© 

© 

X 

O 

O 

P 

cd 

© 

CO 

X 

© 

O 

0 

© 

T3 

rH 

T3 

P 

a 

© 

© 

© 

►CJ 

•H 

P 

X 

cd 

ft 

p 

p 

cd 

O 

P 

P 

O 

p 

P 

B 

ft 

X 

a 

P 

© 

0 

rH 

p 

X 

© 

P 

ft 

P 

P 

co 

p 

* 

P 

cd 

© 

•H 

© 

O 

3 

O 

0 

© 

bfi 

a 

rH 

© 

p 

a 

W  • 

ft  I 

•H 

<w 

O 

0 

cd 

© 

© 

© 

P 

O 

P 

p 

3 

bfi 

O 

>> 

P  © 

H 

O 

* 

O 

O 

© 

X 

P 

© 

P 

T3 

P 

P 

ft 

<H 

cd 

O 

P 

•p 

p 

P 

O 

P 

P 

p 

p 

P 

CO 

•H 

•H 

© 

ft 

O 

O 

O 

P 

p 

P 

© 

•H 

•H 

©  © 

§ 

P 

CO 

a 

X 

•H 

© 

© 

P 

> 

X 

§ 

P 

•H 

© 

T3 

•H 

P 

0 

rH 

© 

« 

CO 

© 

© 

P 

03 

cd 

B 

p 

•H 

O 

P 

O 

P 

X 

p 

rH 

T3 

SR 

O 

p 

cAS 

•H 

►  P 

£ 

a3 

© 

p 

© 

•H 

ft 

P 

O 

© 

O 

p 

3 

© 

© 

© 

O 

© 

© 

X 

P 

l* 

P 

p 

P 

P 

© 

•H 

p 

© 

O 

ft 

O 

P 

a 

O 

W 

>> 

P 

•H 

© 

© 

ft  © 

P 

p 

P 

cd 

e 

P 

X 

► 

P 

© 

© 

B 

p 

•H 

P 

P 

p 

p 

p 

O 

B 

© 

bfi 

cd 

ft 

> 

O 

bfi 

P 

© 

O 

X 

* 

© 

O 

p 

P 

T3 

© 

p 

© 

O  © 

• 

© 

P 

P 

© 

B 

© 

•rH 

O 

P 

P 

P 

p 

p 

P 

© 

P 

© 

© 

© 

ft 

© 

rH  H 

<rs 

P 

O 

© 

O 

© 

P 

© 

© 

O 

© 

3 

B 

© 

© 

P 

X 

K 

■g 

*H 

« 

•rH 

O 

• 

bo 

4H 

W 

© 

•H 

0 

rH 

rH 

ft 

> 

* 

•H 

p 

© 

P 

CO 

X 

P 

© 

© 

P 

O 

P 

P 

p 

O 

ft 

a 

•H 

P 

O 

0 

O 

• 

Cft 

© 

CO 

p 

© 

0 

p 

•H 

P 

P 

P 

O 

© 

X 

P 

© 

P 

© 

© 

O 

p 

© 

p 

©  rH 

> 

© 

X 

CO 

3 

P 

tH 

•H 

•rH 

a 

w 

* 

P 

O 

• 

bfi 

O 

© 

p 

P 

© 

T3 

X  O 

p 

•rH 

0 

© 

p 

P 

© 

© 

P 

p 

p 

© 

O 

© 

P 

P 

© 

P 

© 

O 

© 

© 

P 

• 

CO 

K 

ft 

CO 

ft 

ft 

T3 

B 

P 

© 

0 

p 

© 

« 

O 

© 

► 

•H 

rH 

P 

•O  P 

%-i 

•iH 

© 

© 

p 

0 

p 

B 

© 

© 

P 

P 

%H 

ft 

© 

P 

P 

rH 

rH 

P 

© 

© 

P 

bfi 

©  P 

© 

X 

X 

p 

p 

X 

•H 

O 

© 

P 

© 

O' 

P 

p 

© 

X 

© 

P 

tH 

P 

X 

p 

O 

C 

«H 

©  O 

OS 

Eh 

p 

SH 

ft 

p 

cd 

O 

P 

bfi 

O 

© 

•H 

JH 

© 

p 

© 

ft 

ft 

< 

© 

p 

ft 

s 

© 

O 

%H  O 

v-r 

*>> 

I  © 

<  <!  H  /-N 

h  M  M  Q 

S  1  S  S 
b-  *  5 


00  >)  © 
ise 
iss 


1 

ts 

8 

p" 

G 

o 

3 

X 3 

1 

P 

3 

•a 

1 

TJ 

•H 

G 

• 

p 

■«H 

•H 

<D 

O 

3 

p 

• 

P 

W 

G 

CO 

CO 

P 

r- i 

3 

P 

m 

O 

D 

3 

O 

0 

a> 

•w 

rH 

•H 

rH 

p 

CO 

P  «H 

•H 

a 

3 

3 

CO 

P 

3 

a 

G 

P 

CO 

<D  p 

3 

P 

© 

•H 

<D 

O4 

S 

3 

0* 

P  *H 

o 

d 

•  •> 

CO 

3 

to 

3 

CD 

O 

•H 

3 

CD 

Cft  rH 

p 

rH 

3 

•H 

P 

P 

CP 

CO 

10 

P 

O  oj 

rH 

0 

a 

iH 

G 

<d 

03 

O  3 

CO 

a 

to 

» 

•H 

O 

CD 

P 

d 

p 

•H  O’ 

d 

O 

a 

c 

P 

a 

P 

© 

1) 

P 

P 

H 

f» 

CO 

d 

•H 

O 

y 

P 

P 

P 

p 

O 

CD  bO 

O 

3 

a 

d 

d 

G 

P 

P 

10 

X!  B 

p 

§ 

p 

3 

O 

O 

d 

9 

CD 

P 

•H 

rH 

rH 

d 

CP 

G 

CO 

p 

a) 

G  rH 

•H 

3 

G 

rH 

•H 

pa 

•H  3 

O 

CD 

•H 

rH 

o 

3 

G 

P 

• 

P 

q 

r-H 

P 

* 

rH 

o 

p 

r — 1 

P 

CD 

P 

O 

3 

<D  G 

d 

p 

d 

3 

3 

P 

CD 

G 

O  pa 

d 

pa 

0) 

P 

3 

p 

O 

P 

G 

CO 

G 

o 

o 

pa 

•rH 

G 

pa 

CO 

pa 

CD 

•tH 

03 

G  rH 

■H 

p 

a 

d 

o 

CO 

CD 

<2 

CO 

P  d 

p 

3 

TJ 

C0 

p 

>> 

CD 

d 

>> 

3 

p  p 

•H 

T 3 

rH 

• 

3 

CO 

d 

XJ 

CD 

rH 

0) 

O  0) 

O 

3 

<D 

CD 

3 

d 

G 

H 

P 

P 

a  p 

CD 

0) 

O 

> 

rH 

CD 

o 

G 

3 

03 

B  o3 

a 

XS 

XI 

•H 

© 

P 

P 

•H 

O 

P 

o 

O 

•fH  H 

w 

P 

CO 

P 

d 

•H 

CO 

p 

P 

O 

T. 

St 

o 

CD  O 

3  3 

•h  qxi 

>  3  o 

O  *H 

P  >5  A 
Pi  p  fc 

03 

O  P  CO 
P  C  tifi 

o  a 

W  B  H 
G  1  P 

o  o  as 

*h  o  p 

p 

flj  P  H 
P  G  03 

si  a>  o 
»  fl’H 
*H  *H  P 
P  P  0) 
CPS 
o  a>  3 
o  a  g 


•3 

d 

* 

CD 

CD 

rH 

P 

CO 

3 

co 

d 

3 

a 

p 

•rH 

G 

CO 

0) 

CO 

•H 

CD 

pa 

o 

3 

3 

a 

O 

rH 

G 

iH 

3 

a 

G 

•H 

O 

3 

O 

> 

P 

•H 

CO 

to 

P 

P 

G 

O 

P 

P 

•H 

e 

o 3 

O 

P 

P 

O 

p 

O 

•H 

#H 

P 

a 

a 

CD 

p  d 

-p 

•  co  P 
M  -h  o 
p  a. 

o  -P  b 
»  ‘H  *H 


l 

CO 

i 

rH 

P 

or 

o 

G 

to 

•rH 

rH 

CD 

•—j 

CO 

p 

CD 

•H 

G 

K 

o 

d 

•rH 

•H 

O 

d 

CD 

P 

P 

a 

•H 

o 

p 

d 

* 

P 

O 

•H 

B 

rH 

p 

CD 

CD 

B 

a 

3 

d 

rH 

a 

3 

3 

lO 

o 

CO 

4 

P 

o 

G 

3 

O 

a  *h 

o 

vH 

rH 

p 

a) 

rH 

O 

o 

O 

O 

P 

d 

d 

B 

• 

rH 

p 

> 

d 

tH 

•H 

•iH 

•H 

rH 

> 

9 

o 

tH 

G 

•H 

rH 

P 

P 

rH 

CD 

3 

rH 

-F 

p 

3 

•ti 

o 

a 

a> 

at 

aS 

O 

P 

rH 

d 

aS 

d 

•H 

Cl 

o 

pa 

•H 

P 

P 

H 

0) 

P 

a 

p 

•H 

> 

P 

G 

p 

P 

co 

p 

P 

•H 

o 

o 

P 

fH 

O 

O 

3 

co 

as 

• 

d 

a 

p 

p 

aS 

P 

CD 

d 

•tH 

> 

« 

• 

p 

w 

p 

3 

a> 

P 

P 

P 

P 

to 

o 

P 

3 

3 

•H 

CN 

P 

P 

o 

•H 

G 

o 

G 

3 

9 

rH 

O 

a> 

rH 

•H 

p 

d 

• 

a) 

CD 

to 

i 

1 

G 

P 

p 

»H 

a 

P 

CO 

•H 

P 

o 

•  G 

•  rH 

w 

•H 

p 

P 

§ 

(D 

co 

CO 

P 

P 

\  ✓-K  H  4)  OJ 

_ i  m  Br  r+ 

3 

^  H  tJ 

Cfl  H  <D 
D  4)  H 

§  £3 

P  0)  P 
09  C  CO 
^  ©  S3 
<3  35  *h 


>  73  CO 

to  §  to  •  cJ 
G  C  00 

t-H  m  *H  •  • 

ft  CO  ft  t-  ^ 

«S  o  §  o  of 

•O  I  T3  -P  ^ 


h  +• 

OtS  *H  O 
>  00 
G 


O 

o 

P 

CO 

p 

G 

a> 

co 

00 

CO 

in 

3 

o> 

P 

H 

H 

a 

servos  indicate  the  following 
characteristics  will  be  avail¬ 
able  at  15,000  ft 


CO 

►> 

CO 


A-xii 


oscillation  of  the  control 


m 

d 


o 

o 

< 


a) 

09 

O 

a 

G 


P 

o 

a> 

•n 

o 

g 

au 


d 

a 


Q> 

G 

o 

5C 


*G 

G  G 
P  d  O 
P  > 

G  bfi 
G  G  J 
O  -h  O 
G  G  P 
•H  <D  > 

g  > 
o  g 
vi  jz  o 

•H  «H 

Xi  0) 
p  p  • 
OJ  O 
tMD  -P 
•H  <D 
P 

a)  co  « 
eft  <D  G 
O  >  O 
Oi  G  -H 
G  *H  P 
3  *H 

A  o  w 

« ♦*  § 
W  G 
P  *P  P 


O 


G 

1 

»rH 

rH 

•H 

be 

rH 

eft 

T3 

G 

d 

d 

•o 

0) 

o 

c 

X3 

d 

•*H 

o 

r~i 

P 

•H 

P 

0) 

3 

d 

P 

P 

X3 

*H 

S 

a 

d 

P 

G 

o 

•H 

G 

0) 

p 

G 

o 

x: 

3 

O 

G 

p 

o 

d 

00 

•H 

•H 

a 

4> 

d 

* 

a 

a> 

G 

G 

d 

■ 

rH 

0) 

o 

•G 

4> 

1 

•H 

B 

G 

P 

X 

*H 

O 

00 

•H 

G 

o 

>> 

•H 

T3 

<p 

Oft 

rH 

O 

«H 

Cft 

0> 

B 

O 

CQ 

d 

C 

G 

<D 

o 

O 

XI 

<D 

•H 

G 

Eh 

.O 

P 

d 

O 

<o 


p 
G 
0) 

p  O  Oft 

a  p  o) 

0)  G 

w  a 


controlled  jet  control  arrange¬ 
ment  to  permit  its  use  as  a 
variable  stability  airplane. 

The  following  moments  can  be 
obtained: 


ESTIMATED  MAXIMUM  EFFECTIVENESS 


•a  h  +j 

§a  <y 
a  at 
a1  u 
►>  o 

•p  60  U 

■>"<  C  -r< 
H  ■H  d 
•rH  f-H 

X5  T3  (J 

5  §8 


Xi 

P 

• 

>> 

1 

o 

3 

P 

P 

P 

p 

3 

3 

T3 

3 

p 

P 

P 

O 

P 

3 

T3 

3 

T3 

P 

P 

Q> 

P 

a 

p 

to 

3 

■g  § 

■a 

* 

►> 

P 

P 

3 

O 

T3 

O 

P 

a> 

to 

p 

to 

p 

xi 

P 

o 

a 

P 

P 

P 

P 

n 

t- 1 

p 

Jh  P 

3 

o 

3 

3 

to 

3 

P 

P 

3 

3 

3 

5 

o 

p 

o 

T3 

3 

3  O 

p 

3 

p 

O 

p 

p 

P 

P 

3 

O 

a 

p 

P 

P 

<D 

p 

p  P 

0) 

> 

P 

3 

3 

3 

T3 

P 

O 

to 

P 

p 

00 

a 

X) 

i* 

P 

to 

3 

a 

•O 

p 

p 

O  3 

T3 

O 

3 

P 

O 

3 

3 

3 

3 

3 

p 

<D 

0) 

o  o 

to 

3 

P 

3 

3 

3 

P 

P 

P 

p 

h 

to 

3 

p 

p 

P  3 

p 

> 

3 

P 

P 

3 

e 

P 

o 

o 

p 

3 

p 

p  a 

O 

3 

3 

T3 

3 

3 

3 

O 

3 

ob 

a 

a 

a 

3 

3  tO 

T3 

a 

O 

3 

to 

P 

3 

P 

3 

a 

0) 

o 

o 

s 

U 

43 

3 

a 

a 

p 

3 

3 

3 

3 

p 

fi 

Sh 

CJ 

o 

O 

P 

O 

B 

p 

P 

P 

P 

P 

• 

p 

a 

o 

P 

cu  o 

P 

p 

3 

3 

Pi 

a 

P 

3 

P 

3 

3 

to 

■ 

P 

a  a) 

C  P 

3 

a 

O 

•H 

P 

P 

H 

• 

4) 

to 

4) 

TJ 

3 

p 

3 

Xi 

3 

3 

* 

erf 

P 

fc 

P 

3 

3 

P 

•H 

P 

3 

• 

p  o 

a 

p 

a 

o 

T3 

3 

P 

P 

P 

p 

P 

00 

3 

i-3 

to 

p 

p 

»►> 

p 

a 

3 

3 

P 

3 

P 

T3 

• 

& 

a 

3 

O 

o 

3 

►  vt 

3 

► 

P 

3 

►> 

O 

p 

3 

3 

P 

3 

o 

<L> 

u 

H 

0)  p 

P 

P 

P 

P 

P 

3 

3 

3 

> 

P 

CO 

P 

P 

to 

> 

P 

3  3 

3 

•V 

P 

P 

o 

P 

P 

to 

0 

P 

•o 

O 

O 

to 

O 

to 

3 

3 

P 

P 

u 

O 

3 

3 

a 

3 

a 

u 

• 

3 

(1) 

to 

O' 

P 

P 

a 

p 

o 

P 

p 

p 

3 

P 

a 

p 

p 

to 

<D 

P 

03 

P  to 

3 

P 

3 

C 

3 

p 

P< 

U 

3 

3 

O 

3 

s 

to 

O 

0) 

3 

£  jS 

T3 

P 

P 

$ 

O 

3 

3 

a 

O' 

P 

3 

p 

O 

— 

L-l- 

3 

P 

p 

O' 

a 

P 

3 

a 

o 

> 

> 

3 

► 

p 

o 

o 

v->» 

P  JS 

a>  u  i 

•P  05 

»  6fi  iH  .■-> 

o  *h  a 

O  r-l  O  T3 
•H  P  B  C4 

rH  a  a  a 
»  Z  o  a 
B  vU  U 


A-xiv 


s 


F/C  SYSTEM  GROUND  SIMULATORS 


\ 

i 


B-i 


'i 

i 


B-ii 


i 


I 

1 


Visual  NASA-Ames  Projection  facility  to  simulate  horizon 

Projection  stars  or  landing  approach  situation.  Can 

Facility  be  used  with  other  simulators. 


1 

ip 

•-H 

G 

G 

3 

3 

r  s 

o 

3 

3 

P 

G  to 

3 

O 

G 

• 

G 

T3 

P 

M  ft 

Q, 

3 

to 

to 

3 

*H 

B 

3 

iJ 

P 

<D 

0) 

3 

to 

P 

^  o 

O 

O 

O 

SI 

•H 

.3  O 

p 

CU 

*G 

>3 

.3 

G 

G 

P 

CO 

0) 

T3 

3 

rH 

O 

T3 

to 

k>  !0 

o 

to 

\ 

P 

a 

P 

3 

to 

3 

p 

■a  b 

3 

> 

a} 

to 

to 

o 

P 

s  o 

3 

o 

. 

P 

rH 

3 

•rH 

• 

T3 

P  P 

P 

G 

> 

In 

C tl 

o 

G 

3 

a 

P 

w 

G 

to  to 

to 

N 

o 

G 

P 

o 

G 

ft 

rH 

G 

to 

>> 

3 

u> 

G 

P 

p 

p 

3 

P 

to 

to 

•H 

o 

u  to 

O 

Tl 

T3 

T3 

p 

to 

P 

i 

T3 

ft 

G  O 

G 

3 

G 

3 

ft 

M 

» 

3 

o 

"O 

G 

Q 

0> 

3 

3 

p 

P 

M 

W 

D 

O 

G 

to 

O 

£ 

o 

p 

O 

H 

P 

to 

£  i  3 

3 

w 

M 

W 

to 

P 

P 

in 

3 

M 

03 

« 

M 

p 

G 

G 

03 

m 

& 

CO 

t 

£ 

G 

G 

p 

3 

O 

03 

G 

o 

T3 

CO 

ft 

06 

CO 

3 

03 

G 

to 

3 

rH 

02 

o 

* 

3 

B£ 

O 

T* 

o 

H 

M 

P 

« 

P 

1 

p 

CO 

P 

CD 

.3 

P 

g 

Q 

p 

to 

bA 

P 

> 

Q 

3 

p 

X> 

3 

eg 

> 

o 

U 

*3 

to 

> 

G 

O 

g 

< 

52C 

a 

P* 

< 

G u 

> 

< 

simulation 


Reference 

Title  Location  Description  or  Reports 


3 

<h  a 

0)0)0 
M  TJ  *H 

3  3  +> 

»H  rH 
H  -P  3 

a 

od  cfl  ’H 

rH  IQ 

3  O  -P 

s  ^  -a 

Vi  Vi  *.-1 
Oj  O  H 

&  v  v 


o 

<o 

M 

1 

0) 

rH 

CO 

0) 

CO 

o> 

u 

rH 

0) 

a 

Q, 

o 

* 

gj 

•H 

o 

£ 

-P 

03 

CQ 

03 

•H 

XJ 

< 

> 

0) 

M 

< 

& 

General  purpose  NASA,  Fixed -base,  cockpit  simulator,  200 

simulator  Edwards  AFB  amplifier  computer. 


CO 

rH 

* 

w 

rH 

a 

P 

1 

bD 

1 

P 

43 

(D 

•H 

X 

o 

o 

0) 

bo 

P 

P 

p 

•H 

w 

*H 

3 

P 

O 

3 

rH 

XJ 

• 

xs 

X? 

•rH 

Eh 

P 

a 

CO 

3 

3 

* 

O 

W 

3 

a) 

p 

CO 

a> 

3 

p 

-P 

r— 1 

rH 

•H 

a> 

3 

a 

ft 

rH 

rH 

> 

P 

3 

co 

XJ 

XX 

•H 

w 

•H 

•H 

a 

p 

3 

3 

p 

a 

XX 

a 

3 

P 

rH 

«H 

o 

P 

a> 

0) 

o 

4* 

• 

42 

42 

o  w 

3 

42 

> 

W 

p 

a) 

3 

O 

CO 

P  3 

o 

P 

N 

42 

a 

CD 

h 

<x> 

a> 

•H 

•H 

O 

3 

>5 

p 

43 

bD 

42 

42 

XJ  XJ 

P 

XJ 

P 

3 

3 

o 

O 

•H 

3  rj 

P 

P 

a 

P 

xi 

> 

p 

w 

o 

O 

CO  P 

3 

o 

0) 

a 

p 

3 

> 

O 

3 

Eh 

H 

P  w 

CU 

P 

p 

<D 

o 

XX 

< 

P 

XJ 

3 

CO 

.3 

be 

1 

P 

3 

•H 

rH 

P 

43 

CO 

a 

3 

O 

o 

rH 

3 

43 

O 

3 

ft 

P  P 

3 

•H 

rH 

1 

3 

CO 

3 

P 

P 

P 

> 

CD 

O  -H 

43 

a 

3 

l ft 

P 

P 

O 

CD 

O 

rH  » 

ft 

•H 

P 

3 

• 

•H 

1 

W 

a 

•H 

3 

P 

3 

43 

bfi 

P 

P 

3 

O 

o 

ft  P 

43 

P 

43 

bD 

P 

P 

•H 

O 

O 

a 

P 

o 

O 

O 

P 

P 

3 

a 

•H 

XJ 

l 

P 

»H 

P  rH 

a 

•H 

XJ 

p 

St 

3 

bo 

P 

p 

O  -H 

3 

P 

» 

I 

o 

CO 

3 

CO 

a 

O 

a 

«H  ft 

3 

O 

CO 

■H 

p 

a 

P 

C3 

3 

P 

CD 

rH 

rH 

P 

ft 

•H 

rH 

bo 

O 

e 

3 

s 

P  P 

•H 

O 

a 

ft 

ft 

3 

•rH 

P 

o 

#H 

3 

O  O 

P 

ft 

P 

•H 

a 

XJ 

P 

3 

*H 

3 

P 

P 

•H 

3 

•H 

O 

P 

1 

3 

P 

a 

P 

3  a 

3 

P 

iH 

3 

3 

o 

3 

K 

a 

bO 

ft 

•H 

3 

•H  O 

o 

3 

3 

p 

o 

P 

•H 

c 

CO 

a 

3  *H 

O 

p 

B 

P 

p 

3 

G 

CO 

3 

a 

P 

•H 

B  P 

P 

•H 

P 

3 

ft 

• 

•H 

o 

CD 

*H  3 

CO 

CO 

P 

P 

B 

3 

XJ 

a 

CO 

w 

CO 

XJ 

W  P 

XJ 

3 

a 

£ 

O 

P 

G 

o 

3 

£ 

3 

3 

bo 

3 

rH 

PI 

o 

bo 

P 

O 

3 

3 

•H 

XX 

3 

3  <d 

P 

O 

e 

♦H 

a 

O 

rH 

P 

bC 

rH  p 

a 

•H 

P 

•H 

43 

bfi 

a 

CO 

3 

•H 

XJ 

S? 

•h  a 

3 

43 

w 

3 

P 

3 

O 

a 

o 

bo 

P 

CD 

P  -H 

•H 

3 

P 

o 

rH 

rH 

•H 

•H 

•H 

W 

rH 

o 

P 

> 

> 

a 

3 

3 

3 

CO 

q 

> 

XJ 

•H 

ft 

P  XJ  • 

o 

3 

**-s 

a 

3 

3 

3 

P 

W 

ft  g  * 

XJ 

CO 

O 

• 

3 

O 

43 

a 

P 

♦H 

3  3 

a 

3 

3 

3 

P 

3 

P 

O 

3 

CD 

XJ 

3  P 

o 

O 

CO 

P 

ft 

W 

P 

3 

3 

43 

P 

O  bp  O 

•H 

a 

3 

ft 

3 

3 

P 

a 

o 

P 

3 

3  a 

P 

3 

43 

s 

43 

•H 

3 

3 

3 

ft  *H  X J 

wag 
o  *h  3 
p  3  o 
3  p  p 
<  -P  M 


_  a  o 

tl  O  T3 
03  *H  fl) 
K  W  <D 
•H  -rt  h 
B-  >  P 


I  P  P  ft 

xj  *h  a  43  co 

0)  H  ft  M 

K  ft  B  P  'd 

•H  B  O  rH  C 

a  o  <h  a 


P  3  O 

a  p 

»J  rH  p 

o  as  a 
H  ►  ° 

>  3  o 


co 

•  xj  . 
p  P  p 
jh  a)  *h 

F«  >5  *3 

**  53  * 


O  £ 

•h  O 

p 

3  -  - 

a  a  w 
<  o  a 

•H  43 
fl  P  B 
p  3  3 
P  *H  »-H 
O  >  O 

2:  <  o 


3 

p 

3 

a  p 

a>  o 

M  0)  P 

co  at 

CM  O  rH 

.©  ft  S3 
rH  P  B 
I  3  tH 
flu  a  w 


P 

bD  O 
C  P 
•h  3 
p  a  »h 
o  *h  a 
h  d  S 
r*  *h  *h 

flu  -p  co 


p 

P 

P 

43 

XJ 

O 

43 

bC 

P 

P 

bC 

•H 

•H 

3 

•H 

3 

rH 

CO 

rH 

rH 

P 

CO 

P 

P 

3 

P 

O 

3 

o 

bD 

a 

P 

43 

rH 

p 

a 

♦rH 

rH 

3 

* 

3 

3 

’H 

CO 

3 

rH 

XJ 

P 

rH 

B 

3 

3 

3 

•H 

3 

e 

CO 

a 

H 

42 

a 

3 

B 

•H 

•H 

•H 

P 

ffi 

W 

CP 

O 

W 

> 

NOTE:  The  above  listing  does  not  include  the  class  of  fixed  base  simple  cockpit -computer  simulator.  There  are  literally  scores  of 
these  simulators  of  varying  degrees  of  simplicity  in  government  and  industry.  Some  fixed-base  simulators  of  rather  elaborate  or 
unusual  nature  are  included.  Also  not  included  is  the  class  of  fixed-base  simulators  used  in  the  development  of  the  flight  control 
system  of  a  given  vehicle,  the  ‘iron  bird’  simulators.  It  is  quite  probable  that  there  are  simulators  in  existence  or  planned  that 
should  be  added,  however,  and  any  information  on  such  simulators  would  be  appreciated. 
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On  the  following  page  is  a  chart  showing  some  of  the  environment  chamber  facilities  available,  in  addition  to  those 
listed  above. 
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LISTING  OF  AIR  FORCE  AIRCRAFT  FOR  WHICH 
OPERATIONAL  FLIGHT  TRAINERS  WERE  BUILT 


B-47  b 

C-97  A 

F-86  D 

B-47  e 

KC-97  G 

F-86  L 

B/RB-58  A 

C-118  A 

F-89  D 

B-66  b 

C-119  C 

F-89  H 

R/B-66  B 

C-119  G 

F-100  A 

B-52  D 

C-121  C 

F-100  C 

B-50 

RC-121  D 

F-lOO  D 

B-36 

C-124  A 

F-101  A 

B-57 

C-124  C 

RF-101  A 

B-52  B 

C-130  A 

F-101  B 

B-52  F 

C-130  B 

F-102  A 

B-52  G 

C-131  A 

F-106  A 

C-133  A 

F-105 

KC-135 

4  types 
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APPENDIX  V 


LARGE  DIGITAL  COMPUTATIONAL  FACILITIES  IN 
AIRCRAFT  INDUSTRY 


Machines 

Aircraft  Company 

Location 

Rand  1103A 

IBM  7090 
IBM  704 

Boeing  Airplane  Co. ,  Aero-space  Div. 

Seattle  24,  Washington 

IBM  7090 

Boeing  Airplane  Co.,  Transport  Div. 

Renton,  Washington 

IBM  709 

Boeing  Airplane  Co. , 

Wichita  1,  Kansas 

IBM  704 

Convair-Astronautics 

San  Diego  12,  Calif. 

IBM  704 

General  Dynamics  Corp.  Convair  Div. 

Fort  Worth,  Texas 

IBM  709 

IBM  7090 

Lockheed  Aircraft  Corp. ,  Calif.  Div, 

Burbank,  Calif. 

IBM  704 

IBM  7090 

Convair  -  San  Diego 

San  Diego  12,  Calif. 

IBM  704 

IBM  7090 

Convair  -  Fort  Worth 

Fort  Worth,  Texas 

IBM  704 

Chance  Vought  Aircraft  Company 

Dallas  22,  Texas 

IBM  704 

Douglas  Aircraft  Corp.  El  Segundo  Div. 

El  Segundo,  Calif. 

IBM  704 

Douglas  Aircraft  Corp.  Testing  Div. 

Santa  Monica,  Calif. 

IBM  704 

IBM  709 

IBM  7090 

Douglas  Aircraft  Corp.  Missiles  & 

Space  Dept. 

Santa  Monica,  Calif. 

IBM  709 

Douglas  Aircraft  Corp.  Santa  Monica  Div. 

Santa  Monica,  Calif. 

IBM  704 

Grumman  Aircraft 

Bethpage.L. I.,  N.Y. 

IBM  704 

IBM  7090 

Lockheed  Aircraft  Corp. 

Marietta,  Georgia 

IBM  704 

IBM  709 

Hughes  Aircraft  Company 

Culver  City,  Calif. 

IBM  709 

IBM  7090 

McDonnell  Automation  Center 

St.  Louis  66,  Missouri 
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Machines 

Aircraft  Company 

Location 

IBM  709 

The  Martin  Company 

Baltimore  3,  Md. 

IBM  704 

IBM  7090 

Martin  Co. ,  Denver  Div. 

Denver  1,  Colorado 

IBM  709 

The  Martin  Co. 

Orlando,  Florida 

Rand  1103A 

IBM  709 

IBM  7090 

Lockheed  Aircraft  Corp.  Missiles  & 

Space  Div. 

Sunnyvale,  Calif. 

IBM  709 

IBM  7090 

North  American  Aviation,  Los  Angeles 

Division 

Los  Angeles  45,  Calif. 

IBM  704 

IBM  709 

North  American  Aviation 

Columbus  Division 

Columbus  16,  Ohio 

IBM  704 

IBM  7090 

Northrop  Corporation  Norair  Div. 

Hawthorne,  Calif. 

IBM  704 

IBM  709 

North  American  Aviation,  Inc. 
tfocketdyne  Division 

Canoga  Park,  Calif, 

IBM  7090 

North  American  Aviation,  Autonatics  Div. 

Downey,  Calif. 

IBM  704 

Pratt  and  Whitney  Aircraft 

United,  Florida 

IBM  704 

IBM  709 

Republic  Aviation  Corp. 

Farmingdale,  N.Y. 

IBM  704 

Temco  Aircraft  Corp. 

Dallas,  Texas 

IBM  704 


United  Aircraft  Corp 


East  Hartford  8,  Conn. 
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